Long chains (LC) were fractionated by 1-butanol precipitation from isoamylase-debranched amylopectins of rice, maize, wheat, buckwheat, and sweet potato. The structure of the precipitate (LCppt) was characterized by high-performance size-exclusion chromatography (HPSEC) with pre-column labeling with 2 aminopyridine. HPSEC showed that LCppt corresponded to the LC fraction of unit-chain distribution of amylopectin. LCppt had a number-average degree of polymerization of 330 490 and an average-number of chains of 1.2 1.4, indicating that the structure of LCppt is very similar irrespective of its botanical sources and is distinct from amylose. HPSEC revealed that size distribution of LCppt was also similar among the specimens examined. The distribution was distinct from and much narrower than that of amylose. Still, LCppt consisted of a significant amount (by weight) of chains as long as amylose. LCppt contained 5.1 9.4 mol% of branched molecules, which had 5 chains per molecule (except for 10 of indica rice IR36), indicating incomplete debranching of the side chains on LC by isoamylase. The structure of the isoamylase-resistant branches is unknown. In this respect, LCppt and amylose appear to have a common branched structure, which is unusual in starch α-glucans.
Amylopectin is a highly branched glucan component of starch. A unit chain of the molecule comprised of glucosyl residues connected via 1,4 linkages and unit chains are connected by 1,6 linkages. In general, the number average chain length (CLn) of amylopectins falls within the range of 19 to 24 1) and unit chains can be fractionated, based on their size, into roughly two major fractions, short and long chain fractions. 2) Each of these fractions is composed of unit chains that are involved in the formation of single or multiple cluster(s), respectively. 3) Other than this majority of the unit chains, the presence of unit chains having a degree of polymerization (DP) of 100 has been reported for some amylopectins, mostly those from non waxy cereals, such as indica rice, 4) wheat, 5) and buckwheat. 6) Such long chains (LC) in amylopectin molecules were first revealed by analyzing chain length distribution of fractionated amylopectin. 4) Hizukuri et al . pointed out the presence and absence of this fraction in non waxy and waxy starches, 7) which suggested the enzyme(s) responsible for amylose synthesis also participated in forming such long chains. It has been shown that the LCs were responsible for extraordinary high iodine affinity (IA) of some indica rice amylopectins. 4) The LCs have also been shown to have great impact on properties of amylopectin and starch. Some of paste properties are well correlated to LC content. 8, 9) LC content was also found to correlate with chewing properties of cooked rice. 10) Despite the significant contributions of the LCs to functional properties of amylopectin starch, our knowledge of the detailed structure of LCs is still insufficient. Takeda et al . 4) fractionated LCs from indica rice amylopectins with high IA and showed that characteristics of the iodine LC complex (blue value, max and IA) were comparable to those of amylose. The LCs and amylose are also similar with respect to the presence of isoamylase resistant branches. 4, 11) These similarities lead to the speculation that the formation of LCs is catalyzed by granule bound starch synthase (GBSS), which is the enzyme responsible for amylose synthesis. Baba et al . and Denyer et al . proposed the same idea after studies of the properties of GBSS from sweet potato, 12) and pea and potato, 13) respectively. In this study, structures of LCs prepared from amylopectins of various origins were compared in order to elucidate characteristics in common as well as those distinctive by botanical sources of LCs.
MATERIALS AND METHODS

Materials.
Amylopectins fractionated from defatted starches by the method of Takeda et al . 14) were the same specimens used in previous studies: indica rice (IR36 and IR42), 4) maize (white dent), 15) wheat (Nohrin 61), 15) buckwheat (Shinano natsusoba and Hitachi akisoba), 6) tartary buckwheat (Hokuriku No. 4), 6) and sweet potato (Koganesengan). 15) Sweet potato amylase was a product of Sigma Chemical Co. (MO, USA) and was purified by anion exchange chromatography 16) prior to use. Pseudomonas isoamylase was purchased from Hayashibara Biochemical Lab., Inc. (Okayama, Japan). 2 Aminopyridine (2 AP, a grade for fluorescent labeling) and sodium cyanoborohydride were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan) and Aldrich Chemical Co. Inc. (WI, USA), respectively.
Preparation of 1-butanol precipitate (LCppt) of debranched amylopectin. Amylopectin (5 mg mL of 50 mM acetate buffer, pH 3.5) was debranched with isoamylase (0.1 U mg of amylopectin) at 50 C for 3 h. After termination of the reaction by heating in a boiling water bath, 1 10 vol. of 1 butanol (BuOH) was added and the mixture was kept at 4 C for 2 h. The precipitate (LCppt) was collected by centrifugation (900 !, 4 C, 10 min) and re suspended in cold BuOH H2O (1:10, 10 mL) and stored at 4 C until use. For analysis by high performance size exclusion chromatography (HPSEC), a portion (containing 3 mg) was withdrawn from the suspension into a screw capped tube and was centrifuged (1400 !, 4 C, 10 min), and the precipitate was subjected to fluorescent labeling with 2 AP as described previously. 17) Excess labeling reagents were removed by repeated washings with cold BuOH H2O. For analyses other than HPSEC, including determination of reducing and non reducing residues, another portion (containing 3 mg) was collected by centrifugation and the resulting precipitate was dissolved in 90% DMSO (55.5 L) and H2O (44.5 L) by heating. The solution was diluted with H2O (2.9 mL) and then precipitated again by addition of 1 10 vol. of BuOH and 2 M NaCl (10 L) followed by cooling at 4 C for 1 h. The precipitate was washed five times with 3 mL of cold BuOH H2O containing 6 mM NaCl and dried in vacuo over CaCl2.
β -Amylolysis of labeled LCppt. The specimen was labeled with 2 AP as described previously. 17) The precipitate obtained after repeated washings was dried with a centrifugal vacuum evaporator. The dried specimen ( 3 mg) was dissolved in 100 L of 1 M NaOH and pH was adjusted with 1 M HCl after addition of 25 L of 1 M acetate buffer, pH 4.8 and 305 L of H2O. Final volume of the solution was made up to 500 L. Hydrolysis by amylase (50 U mg substrate) was carried out at 37 C for 3 h. After termination of the enzymatic reaction by heating, the hydrolyzate was filtered through a 0.2 m membrane filter and subjected to HPSEC analysis (system 1 described below). The average number of chains of branched molecules (NCB) was calculated by the following equation: NCB NC (1 MFB) MFB, where NC and MFB are average number of chains and molar fraction of branched molecules, respectively. 18) Analytical methods. HPSEC was performed as previously described. 15, 17) Two different HPSEC systems with different combinations of analytical columns were used. One system (system 1) 15) was equipped with a Shodex OHpak SB 803 HQ and two of Shodex OHpak SB 802.5 HQ (8 300 mm each, all from Showa Denko, Tokyo, Japan) and the other (system 2) 17) with three columns of TSKgel G6000PW, G4000PW and G3000PW (7.5 600 mm each, all from Tosoh Co., Tokyo, Japan). Total carbohydrate was determined by the phenol sulfuric acid method. 19) Reducing and non reducing residues were determined by a modified Park Johnson method and the Smith degradation followed by fluorometric assay of glycerol, respectively, as described elsewhere. 11) CLn of amylopectin was determined according to the method of Hizukuri and Osaki. 20) Table 1 summarizes some properties of the amylopectins used in this study. A common feature for these amylopectins is that iodine affinity (IA) is high among those reported to date. 1) Accordingly, values for number average chain length (CLn) of the amylopectins are relatively high, 20 24. These results implied the presence of LCs, and it was confirmed by HPSEC (system 1) of debranched amylopectins (an example is shown in Fig. 1A ). Weight proportion of LCs was determined as an area percentage of a refractive index (RI) response ( Table 1 ). The weight proportion of LCs correlated well with IA of amylopectin ( Fig. 1B) , being in agreement with the previous findings 1 Iodine affinity and CLn for indica rice, wheat, and buckwheat amylopectins were from Ref. 4), 5), and 6), respectively. 2 Determined as a ratio of total carbohydrate non reducing residues. 20) 3 Determined from RI response of chain length distribution analyses by HPSEC 15) (an example shown in Fig. 1A ). 4 Not determined. for rice amylopectins. 4, 7) Structures of LCppt. Some properties of the LCppt are summarized in Table 2 . The data in the table were obtained for LCppt that was washed with BuOH H2O prior to analyses as described in MATERIALS AND METHODS. The blue value and max for the LCppt are much higher than those for their parent amylopectins or debranched amylopectins, and rather similar to those of amyloses. 1) Number average DP (DPn) obtained by determination of total carbohydrate and reducing residues were relatively close, in the range of 330 430, except for maize. The two indica rice amylopectins were previously subjected to similar analysis and their DPn were reported to be 120 and 140 for indica rice IR36 and IR42, respectively. 4) Both of the values are about 1 3 of the present data. Reasons for the difference are thought to be slightly different preparative and analytical procedures, especially washing procedures. In this study, removal of short unit chains by repeated washings was confirmed by HPSEC (data not shown). For all the LCppt fractions, CLn values were slightly lower than DPn values, indicating that the fractions contained branched molecules and their average number of chains (NC, 1.2 1.4) was very similar among different botanical sources.
RESULTS AND DISCUSSION
Properties of amylopectins.
Size distributions of chains in the LCppt was analyzed by HPSEC of system 1 (Fig. 2 ) and the distributions are summarized in Table 3 . In analyses of debranched amylopectin ( Fig. 1A) , accurate determination of DPn of LC fraction from a ratio of detector responses (RI fluorescence, RI F) was somewhat difficult due to weak response by a fluorescence detector, which resulted from low content of reducing residues in LCs. The LCppt, on the other hand, contained a sufficient amount of reducing residues for reliable determination, and DPn determined from RI F ratio of the LCppt was in good agreement with that obtained by quantitation of reducing residues by the modified Park Johnson method except for maize ( Table 2 ). The distributions (Fig. 2) were bimodal on molar and weight bases, and on a molar basis, one eluted as an apparent shoulder at the void volume (retention time 60 65 min) and another, smaller size population as a main peak while opposite patterns of elution were observed on a weight basis. The elution positions of the two peaks by RI detection matched with those of the LC fraction of debranched amylopectins. It should be noted that the main peak on a molar basis had a tailing up to 76 80 min. The tailing implied the LCppt might contain chains with a comparable length to B3 chains and they actually could be B3 chains. B2 chains also might be contained in much lesser abundance than the possible B3 chains. Even so, the tailing represented 4.4 18.7% by mole and thus the data obtained for the LCppt are well informative for understanding the structure of LC. The elution profiles were divided at a hollow in RI response and the two fractions were designated as F1 and F2 as indicated in the figure, and their DPn and proportions on weight and molar bases were compared ( Table 3 ). Regardless of the botanical sources, the ratio of F1 and F2 was similar on both weight and molar bases. F1 comprised 50% by weight but was a minor component ( 20%) by mole. DPn of each fraction was also comparable among the sources, and F2 had DPn 220 300, 1 5 smaller than F1 (960 1180). Symbols are as shown in Fig. 1A . Filled and open arrowheads indicate elution positions in fluorescence and RI profiles, respectively.
With HPSEC system 2 (Fig. 3) , the LCppt was eluted as a single peak on a molar basis except for IR36. The HPSEC result for IR36 was reproducible. Because the columns used in systems 1 and 2 were originally chosen for separations of amylopectin unit chains and amylose, respectively, the discrepancy in the number of peaks observed, two for system 1 and one for system 2, indicated that the first peak appearing in the results with system 1 comprised chains exceeding the exclusion limit of the columns used. In comparison with DP distributions of amyloses examined with the same HPSEC system, 17) those of LCppt were much narrower and shifted to the lower molecular weight side on both molar and weight bases. Therefore, LCppt is clearly distinct in terms of DP distribution, as well as average DP, from those of amylose. As expected, when the molar and weight based distributions of the LCppt were compared, the overall distribution by weight was shifted leftward in every case, and at a retention time of 80 min, the weight distribution of the LCppt had shoulders, which were undetectable in the molar distributions. It appeared that roughly a half of the peak area by RI response was attributable to the chains having DP exceeding 1000, the value well comparable to amylose. Thus, the LCppt consisted of a significant amount of chains as long as amylose on a weight basis. This finding was consistent with the fact that the LCppt exhibits complex forming capability comparable to that of amylose ( Table 2) .
Branched structures of LCppt.
Reducing residues of the LCppt was labeled with 2 AP first and then was subjected to amylolysis followed by HPSEC (chromatograms not shown). Due to the sequence of labeling and amylolysis, the resulting chromatogram, in which the products from branched molecules ( limit dextrin) and linear molecules (glucose to maltotriose) were completely resolved, allowed determination of molar proportions of branched and linear molecules in the specimen. 18) The results indicated that 5.1 9.4% of the molecules were branched, being in agreement with the NC values higher than 1.0 ( Table 2) . NC of branched molecules (NCB) calculated from values of NC and molar fraction of branched molecules (MFB) was similar among the botanical sources in the range of 4 6, except for IR36 ( Table 4 ).
The above results showed slightly branched molecules were contained in the LCppt preparation despite the fact that the LCppt was a BuOH precipitated portion of the product by debranching of amylopectin with isoamylase. Debranching of amylopectin under the given conditions was judged to be complete based on the time course experiment of the increase of reducing residues or complete disappearance of RI response of amylase digest of debranched amylopectin (data not shown). Amylose has been reported to have isoamylase resistant branch linkages. 11) Thus, the LCppt and amylose are similar in this respect. BuOH precipitated unit chains of IR36 and IR42 amylopectins also were shown to have isoamylase resistant linkages, which were suggested to be 1,6 The columns used were: (system 1) a Shodex OHpak SB 803 HQ and two of Shodex OHpak SB 802.5 HQ; (system 2) three columns of TSKgel G6000PW, G4000PW and G3000PW.
Determined by the fluorescent labeling HPSEC method. 15, 17) Symbols are as shown in Fig. 2. linkages. 4) A preliminary experiment using pullulanase suggested that maltosyl stub is not solely responsible for the incomplete debranching of LC. Further studies are needed to identify the nature of the side chains that remained on the LCppt, and it is possible that amylose and LC share an unusual branched structure. Table 4 1 IR36 5 Molar percentage of branched molecules determined as a ratio of peak area of a chromatogram of amylolyzate. 18) Average number of chains of branched molecules calculated by the following equation: NCB NC (1 MFB) MFB. 18) 
